Abstract
Introduction
Body mass index (BMI), calculated as an individual's mass (in kilograms) divided by their height (in metres) squared, has become the most widely used surrogate measure of adiposity. Although BMI has shortcomings, not least the inability to differentiate between lean mass and fat mass (Wells, 2001) , it is widely used in pediatrics owing to the ease with which measurements can be made on infants and children, and the often routine manner in which serial anthropometric measurements are recorded. The use of BMI to investigate adiposity in children is complicated further by the manner in which BMI shows profound changes from birth through to early adulthood (Prentice, 1998) , with relationships between the fat and fat-free components of the body being affected by varying growth rates and maturity levels (Maynard et al, 2001 ). Z-scores (or standard deviation scores) express measurements in terms of standard deviations from the centre of a distribution and are often used with anthropometric measures, facilitating comparisons across ages in otherwise age-dependent variables. There exist contemporary BMI growth references, notably the 1990 reference curves for the UK ('1990 UK') and the 2000 Centers for Disease Control and Prevention (CDC) growth charts for the United States ('2000 CDC'), which are frequently used to standardise BMI values. Standardisation of a measurement using an external reference dataset allows an assessment of the position of the measurement within the reference distribution. However, it is unclear whether these growth references are useful as comparisons to less contemporary data. Specifically, given the widely acknowledged increases in childhood BMI over recent years (World Health Organisation, 2000) , it may be expected that, on average, childhood BMI in historical datasets would be lower than in the contemporary growth references, leading to a preponderance of negative BMI z-scores. If standardisation does lead to z-scores which do not follow a standard normal distribution, then there may be implications for interpretation of any analysis using these standardised values. For example, if the distribution of BMI z-scores has a mean of -0.5 then an individual with a z-score of 0, who would normally be considered as having average BMI, would in fact have above average BMI when compared to his or her peers within the same dataset. In this situation it would be important to emphasise that the z-scores are relative to a given standard rather than relative to other subjects within the same dataset, and this may not always be what is wanted. The aim of the present analysis is to assess the validity of using contemporary BMI growth references when looking at historical British datasets. This is achieved by the calculation and analysis of BMI z-scores using both the 1990 UK and 2000 CDC growth references for three different British national birth cohorts. These cohorts (National Survey of Health and Development (NSHD), National Child Development Study (NCDS) and British Cohort Study (BCS)) are chosen for their national representativeness, range of years of birth , range of ages for which BMI data are available (4-16 years) and longitudinal nature, meaning that the same children can be examined at several follow-up ages in each cohort. As all three cohorts are made up of children resident in the UK, the 1990 UK growth references would be the more appropriate choice for standardisation of the data. However, as the 2000 CDC growth references would also often be used, their application remains of great interest.
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Materials and methods

Study samples
The National Survey of Health and Development (NSHD) is one of the longest running large-scale studies of human development in the world (Medical Research Council NSHD team, 2008) . It began as an investigation into the social and economic aspects of 13,687 births occurring during the first week of March 1946 in England, Scotland and Wales. From this original population, a sample consisting of all children whose fathers were non-manual or agricultural workers and a randomly selected one in four sample of children of other manual workers (5362 subjects in total) have been followed up at regular intervals since birth, with children being measured and weighed in underclothes as part of their medical examination (Peckham et al, 1983) . A more detailed cohort profile can be found elsewhere (Wadsworth et al, 2006) . The present analysis includes follow-up at ages 4, 6, 7, 11 and 15 years. Electronic data for the NSHD were obtained directly from the Medical Research Council NSHD team at University College London. The National Child Development Study (NCDS) takes as its subjects all the people born in England, Scotland and Wales in one week in March 1958. It has its origins in the Perinatal Mortality Survey, which initially included 17,416 babies (Centre for Longitudinal Studies, 2008a). The cohort was followed up at several ages throughout childhood, with children being measured and weighed in underclothes as part of their medical examination (Peckham et al, 1983) . A more detailed cohort profile can be found elsewhere (Power and Elliott, 2006 (Viner and Cole, 2005) . A more detailed cohort profile can be found elsewhere (Elliott and Shepherd, 2006) . The present analysis includes measurements at ages 10 and 16 years. Weight was not measured at age 5 years so this follow-up age cannot be included. Electronic data for the BCS were obtained from the UK Data Archive (2007b) and relevant variables identified with the help of the data dictionary provided by the Centre for Longitudinal Studies (2005b) .
BMI growth references BMI reference curves for UK children were developed for the first time in the mid-1990s (Cole, Freeman and Preece, 1995) based on data collected between 1978 and 1990. Data from 11 distinct surveys were combined, between them recording BMI from birth to age 23, with most being representative of England, Scotland and Wales and all but one being cross-sectional. Summary centile curves were fitted using the LMS method and penalised likelihood (Cole and Green, 1992) . The 2000 CDC growth charts for the United States represent a revised version of the 1977 National Center for Health Statistics (NCHS) growth charts and include BMI-for-age charts (CDC, 2007a) . Most of the data came from the National Health and Nutrition Examination Survey (NHANES) cross-sectional studies conducted from 1963 to 1994, though some supplementary data sources were also utilised. Initial curve smoothing for selected major percentiles was accomplished with various parametric and nonparametric procedures, then a normalisation procedure was used to generate z-scores that closely match the smoothed percentile curves (Kuczmarski et al, 2000) .
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Statistical analysis
For every child at each follow-up age in all three cohorts BMI z-scores are calculated using both the 1990 UK and 2000 CDC growth references. For a BMI z-score to be calculated for a given child, and thus for the child to be included in the analysis, data for age, sex and BMI are required. Although each follow-up in each cohort was planned at a specific age, the actual measurements occur over a range of ages. Whilst some variation in age at measurement is unavoidable, it is likely that those at the extremes of the age distribution form a distinct subgroup. For example, subjects measured more than a year after the median age may have been hospitalised for a long period, so their inclusion would undermine the homogeneity of the sample. Thus a further stipulation imposed for these analyses is that all children included at a given follow-up age must have had their measurement within 6 months of the median age at measurement within that follow-up age group. This additionally ensures that when we discuss subjects at a given follow-up age we are referring only to measurements over a 1 year period rather than over a 2-3 year period, which could cause overlap between the follow-up ages. The calculation of BMI z-scores using the 1990 UK and 2000 CDC growth references uses the LMS method (Cole and Green, 1992) . The LMS method summarises the changes in BMI distribution through childhood in a reference dataset by three curves representing the median (M), coefficient of variation (S) and a measure of skewness (L) based on the BoxCox power required to transform the data to normality. The three parameters are constrained to change smoothly with age, and are estimated using penalised maximum likelihood. Once the L, M and S parameters are defined for a reference dataset they can then be used to calculate the BMI value corresponding to any given percentile or z-score, enabling the construction of growth charts. Conversely, given a BMI measurement, the L, M and S parameters can be used to calculate where, in terms of percentile or z-score, said measurement would occur relative to the distribution of the reference dataset. where L, M and S are the growth reference LMS parameters corresponding to the age and sex of the child. If the BMI values for a study population agree closely with the growth reference, then the z-scores calculated should be normally distributed with mean 0 and standard deviation 1. Once calculated, BMI z-scores in each cohort may then be assessed at each follow-up age for any systematic deviation from this (i.e. any systematic difference from the growth reference). BMI measurements are deemed implausible if they correspond to an absolute z-score (using the 1990 UK growth reference) greater than six and are thus excluded, as has been practiced elsewhere (Tate, Dezateux and Cole, 2006) . We additionally explore whether the observed BMI z-scores in each cohort could be explained by a faster developmental tempo in the (generally) more contemporary BMI references. To do this we construct an artificial dataset by taking the 1990 UK growth reference median BMI values and stretching the timescale using a multiplicative shift of 1.2. We introduce an additional component allowing this slowing down of the developmental tempo to fade away over time, so that by age 18 years the timescale would be back to its original value. As this manipulation results in the lowest point of the BMI curve (the 'BMI rebound') occurring later relative to 1990 UK median, this artificial dataset is referred to as Long-term trends in BMI: are contemporary childhood BMI growth references appropriate when looking at historical datasets?
the 'delayed BMI rebound cohort'. BMI z-scores for the delayed BMI rebound cohort are calculated using the 1990 UK reference data and the method described above and compared to the BMI z-scores observed in the birth cohorts. Table 1 shows the numbers and percentages of subjects included in and excluded from the analysis at each follow-up age. The 'target sample' in each instance is the maximum possible number of individuals for whom data could potentially be collected after the exclusion of the dead, those living abroad and permanent refusals. 'Achieved sample' is the number of individuals for whom at least one response was recorded. 'Sex, age or BMI missing' for an individual means that their BMI z-score cannot be calculated, so they are excluded from the analysis. 'Age > 6 months from follow-up median' for an individual means that the age at which their BMI was observed is not sufficiently similar to the other ages within the age group to allow their inclusion in the analysis. In the NSHD the achieved sample at each follow-up age was between 89 and 96% of the target sample. The NCDS includes similarly high levels of achieved sample at each followup age, though a greater degree of missing sex, age or BMI data, particularly at age 16 years (25%). Whilst the proportion of the target sample achieved in the BCS was of a similar magnitude to the other cohorts at follow-up age 10 years, at age 16 years the data collection was noticeably reduced by a teachers' strike (Elliott and Shepherd, 2006) . Additionally, over 50% of children have either sex, age or BMI values missing so cannot be included in the analysis, meaning that at age 16 years the BCS cannot be considered as nationally representative as the other cohorts. From Table 1 it can be seen that the requirement for data to have been recorded within 6 months of the median age at each follow-up age rarely results in the exclusion of a significant amount of data and never more than 4% of the achieved sample. The percentage of males and summaries of the age and BMI distributions for the subjects who are included in the analysis are shown in Table 2 . In each cohort at each follow-up age, except the less-representative age 16 years follow-up in the BCS, there are slightly more males than females. Due to the skewed nature of the age and BMI distributions, medians and inter-quartile ranges (IQRs) are presented. Both the magnitude and the variability of BMI can be seen to increase after about age 7 years. It is possible to calculate the years of birth of the children included in the reference datasets by examining the data collection dates and subject ages (Cole, Freeman and Preece, 1995; Kuczmarski et al, 2000) . These are presented in Table 3 for each age considered. Across all the ages, UK 1990 reference data were collected from subjects born 1962-84 and CDC 2000 reference data were collected from subjects born 1950-90. Thus, whilst all the data for both BMI references were collected from subjects born after those in the NSHD (in many case quite considerably after), for the other birth cohorts this is not always the case. At ages 11 and 16 years some of the subjects in the CDC 2000 reference dataset were born a little earlier than the NCDS subjects. Nearly all the subjects in the UK 1990 reference dataset were born after the BCS subjects at age 10 years, but almost all the CDC 2000 children were born before. At age 16 years all or virtually all the subjects in both BMI references were born before the BCS subjects. The distributions of the calculated BMI z-scores for each birth cohort using the 1990 UK and 2000 CDC growth references are shown in Table 4 and Table 5 , respectively. Once more, medians and IQRs are presented due to the skewed nature of the distributions. There is clearly a great deal of variation in the median values of BMI z-score in the cohorts at different follow-up ages. Median z-scores are generally positive in early childhood before decreasing, often becoming negative, then increasing once more. These results are more easily interpretable when plotted graphically. Fig. 2 show the median BMI z-score plotted against the median age at each follow-up age in the three cohorts. Fig. 1 displays the BMI z-scores calculated using the 1990 UK (upper plot) and 2000 CDC (lower plot) growth references for males, and Fig. 2 shows the equivalent plots for females. Whilst the four plots show all three cohorts to exhibit broadly similar patterns of BMI z-score throughout childhood, there are some cohort-, sex-and growth reference-specific features.
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For the males of all three cohorts, using the 1990 UK growth reference (Fig. 1, upper plot) results in a median BMI z-score that is positive but decreasing through early childhood, reaching a minimum around age 11 years before increasing once more. In the NSHD (the earliest birth cohort) this minimum value corresponds to a BMI z-score of approximately zero, whereas in the other cohorts the minima are clearly negative. Use of the 2000 CDC growth references (Fig. 1 , lower plot) results in a similar pattern of median BMI z-score through early childhood. In this case, however, all three cohorts cross into negativity, with more extreme minimum values exhibited, then, rather than returning to positivity, they merely level off and remain negative. Over the age range for which data are available for more than one cohort a cross-cohort comparison can be made. It can be seen that at age 6-7 years the median BMI z-scores for the NSHD and NCDS are very similar whereas at later ages it is the NCDS and the BCS that take similar values with those for the NSHD clearly greater, especially around age 11 years. Median BMI z-scores at each follow-up age in females are plotted in Fig. 2 . Under both growth references the median BMI z-score is positive though decreasing through early childhood, before crossing into negativity, with all three cohorts reaching a minimum of about -0.2 around age 11 years. Median BMI z-scores then increase once more to exhibit positive values in adolescence. The main difference between the two plots in Fig. 2 is that when using the 2000 CDC growth reference the median BMI z-score is noticeably greater through early childhood, resulting in it becoming negative slightly later, though generally the growth reference-specific differences are less marked than in the males. In terms of the differences between the cohorts within each plot, the pattern is somewhat similar to that seen for the males, with median BMI z-score in the NSHD and the NCDS similar at age 6-7 years, then median BMI z-score in the NSHD becoming increasingly greater than in the other two cohorts at older ages. Whilst the overall trends in median BMI z-score profile are clearly similar under the two growth references, there are some differences. The 2000 CDC reference data appear to decrease the z-score value relative to the 1990 UK data somewhat in males at follow-up ages of 10 years and older, whereas females of follow-up age 7 years and younger see an increased BMI z-score. These observations correspond to the differences between the growth references evident in Fig. 3 , showing median BMI in each growth reference plotted against age, for males (upper plot) and females (lower plot). The upper plot shows that up to approximately age 8 years, the two medians for the males are very similar, but then the 2000 CDC median becomes noticeably and increasingly greater than the 1990 UK median. This means that males of this age would have a reduced BMI z-score if calculated with the 2000 CDC reference data. However, in females (lower plot), it is between the ages of approximately 3 and 10 years that there is a difference between the two reference medians, with the 2000 CDC median being the lower in this instance. This results in any BMI z-scores calculated over this age range being greater when using the 2000 CDC reference data. In order to explore whether the observed BMI z-scores in each cohort could be explained by a faster developmental tempo in the (generally) more contemporary BMI references, we construct an artificial cohort with a reduced developmental tempo (the 'delayed BMI rebound cohort') as described in the Methods section. The upper plot in Fig. 4 is of BMI against age for the 1990 UK growth reference median and the median of the delayed BMI rebound cohort. It can be seen that the median age at which the BMI rebound occurs has been delayed from 5.9 years in the 1990 UK growth reference to 6.7 years. BMI z-scores for the artificially constructed cohort (calculated using the 1990 UK reference) are presented in the lower part of Fig. 4 , plotted against age. The similarity between this plot and many of the equivalent plots for the cohorts included in this analysis is apparent.
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Discussion
This analysis has uncovered a tendency for historical cohorts of children born between 1946 and 1970 to differ in terms of BMI distribution from both the 1990 UK and 2000 CDC growth references. Moreover, the deviations exhibited are systematic and largely similar between the historical cohorts. All three cohorts have positive but decreasing BMI z-score through early childhood. There is a general trend for z-scores to become negative in the pre-pubertal period, attaining a minimum value in early puberty, before beginning to increase once more, most markedly in females, in the late-pubertal period.
The proportion of subjects included in the analysis at each follow-up age in each cohort is always somewhat less than 100%. Whilst this could lead to the analysed subjects not being nationally representative, the fact that the changes in BMI z-score with increasing age are not in a consistent direction suggests that they are not merely a result of selective missingness. We thus believe that the patterns in BMI z-score observed are genuine. Given the widely acknowledged obesity 'epidemic' evident over recent years (World Health Organisation, 2000) , it may be expected that the calculation of z-scores in historical cohorts using more contemporary reference data would lead to negative values in the majority of subjects. All the NSHD subjects, and those at the younger follow-up ages in the NCDS, were born before both sets of reference subjects in the present analysis, but consistently negative BMI z-scores are not observed. Similarly, as the BCS subjects were born around the same time or later than the reference subjects, one may anticipate their BMI z-scores to consistently lie close to zero or even be positive. However, their BMI z-scores are clearly negative at age 10 years for both sexes and both BMI references, remaining so at age 16 years for males using the 2000 CDC reference.
It may also be expected that the historical cohorts show a temporal ordering, with those born more recently having relatively higher BMI z-scores. In addition to its less temporal proximity, one may additionally expect childhood BMI in the NSHD to be lower than in the other cohorts due to cohort members' nutrition being influenced by food rationing, which continued after the war until 1954 (Hollingsworth, 1961) . Although the cross-cohort comparisons are limited by the short range of ages for which data are available for all the cohorts, it is clear that no such temporal ordering exists. Indeed, BMI z-score in the NSHD is almost always higher than that seen in the other cohorts. Previous analyses have found BMI to be similar between NSHD and NCDS at age 7 years (Li et al, 2008) and at age 11 years (Wadsworth et al, 2003b) , which is in agreement with our observations. It has also been suggested that BCS subjects have considerably larger BMI at age 10-11 years than subjects in the other two cohorts (Wadsworth et al, 2003b ), but we do not find this in the present analysis. To expect patterns in BMI z-score through childhood in the historical cohorts predating the reference datasets to be merely 'negative' may be something of an over-simplification. For the median BMI z-score in a given cohort to take a constant value of, say, -0.2 across the entire range of ages would mean the median BMI within the cohort being equal to the median BMI in the reference dataset minus 0.2 of a standard deviation at each follow-up age. Implicit in this is that the median BMI growth trajectories in the historical cohort and the reference dataset follow the same shape. However, acknowledged secular changes in growth patterns over the last century, particularly a trend towards a faster developmental tempo (Cole, 2003) , mean this may not be true. One way to describe the BMI growth trajectory is by the timing of the BMI rebound, with a secular increase in developmental tempo being evidenced by an advancing BMI rebound. Indeed, precisely this trend has been found in Swedish children between 1973 -5 and 1985 -7 (Eriksson, Rasmussen and Nordqvist, 2005 . Through the construction and analysis of a delayed BMI rebound cohort, we have shown that the results observed in the present analysis could plausibly be explained by more rapid development in the reference data relative to that seen in the historical cohorts. An earlier BMI rebound has been shown to be associated with increased BMI in adolescence and adulthood (Rolland-Cachera et al, 1984; Rolland-Cachera et al, 1987) . Although the growth references and historical cohorts examined here are not truly Richard J Silverwood, David A Leon, Bianca L De Stavola comparable in the same way as, say, two individuals in the same cohort, it is conceivable that a similar mechanism could be at work, with the earlier BMI rebound of the reference data leading to increased BMI at a later date. In this way, the positive z-scores evident in early childhood could be attributed solely to the earlier BMI rebound in the reference data, with the possibility of greater BMI in adulthood in the more contemporary reference dataset bringing the findings more in line with recent trends. This does, however, conflict somewhat with the positive z-scores around age 15 years, particularly in the NSHD, which remain more difficult to explain. It is also informative to consider the observed patterns of BMI z-scores in the historical cohorts in terms of the corresponding height and weight z-scores. Calculation of these zscores using an analogous method to that for BMI shows that both are almost always negative, though height z-scores are generally more negative than weight z-scores. In particular, the ages at which positive BMI z-scores are observed correspond to periods where weight z-scores are close to zero and height z-scores are more strongly negative, meaning subjects in the historical cohorts have slightly lower weight than those in the references samples, but are much shorter. The observed trends could certainly affect analyses which use z-scores calculated using the UK 1990 or CDC 2000 BMI references. Take, for example, a female in the NSHD with a BMI of 15.5 kg/m 2 at age 4 years, 17.8 kg/m 2 at age 11 years and 19.1 kg/m 2 at age 15 years.
These BMI values correspond respectively to the 38th, 64th and 32nd centiles of the observed BMI values in the NSHD at each follow-up age. Standardised using the CDC 2000 BMI reference, all three measurements correspond to a z-score of +0.2. This subject would thus be considered as maintaining the same relative BMI throughout childhood. However, when compared to her own peers within the NSHD this is clearly not quite the case. If females following a similar BMI trajectory to this were found to, say, be at increased risk of a certain adverse health outcome, then it is possible that using the z-scores rather than the observed BMI values themselves may lead to a slightly different interpretation. If BMI z-scores are being used in an analysis as a means of comparing the observed BMI measurements to those in the reference dataset, then external standardisation using that reference dataset is a valid approach. If z-scores are merely required to rescale BMI, however, then standardisation using an external reference dataset may provide misleading results, as seen above. One potential alternative is to use internal standardisation, where the z-score for a subject is calculated based on the position of their measurement relative to those of their peers within the same dataset. This could be achieved using the LMS method (Cole and Green, 1992) to effectively construct a growth chart based on the observed data. For a sufficiently large dataset this approach will provide normally distributed z-scores with mean zero, though it is not recommended for very small datasets. In these instances, external standardisation may remain the only viable option. To conclude, if children in historical datasets and children in growth references do not have similar distributions of measurements at a given age, then the resultant z-scores will not follow the expected standard normal distribution. When comparisons are to be made across ages, and the differences between the distributions of measurements in the historical and reference datasets are not broadly consistent at each age, for example due to different underlying growth trajectories, then analyses may potentially be misleading. Unless any differences in the age-specific distributions are explored and acknowledged, for example by reporting details of the distribution of the calculated z-scores, externally defined z-scores should be viewed with caution.
